Abstract-Lysophosphatidic acid (LPA), a metabolite of phosphatidic acid (PA)
In the activation of surface receptors, it is now accepted that acetylcholine and other hormones stimulate the turnover of phos phatidylinositol (PI) (1-7) and phosphatidic acid (PA)-lysophosphatidic acid (LPA) (8 10) in a variety of tissues including the central nervous systems. Two second messengers appear to be generated during PI hydrolysis; diacylglycerol (11-13) may activate protein kinase C which regulates the exocytotic pro cesses, and inositol 1,4,5-trisphosphate (11, 14-16) may trigger the release of Ca2+ from intracellular stores.
On the other hand, interesting arguments for the increase in these phospholipid turn overs center on the coupling of the Ca2+ gate or depolarization to the synthesis of PA (3, 4, 17) or LPA (8-10). It has been shown that the cellular phospholipase A2 (EC 3.1. 27) and LPA (metabolite) (8-10) have been shown to possess ionophoretic properties. However, the mechanism of the cell activating effects of these membrane minor phospho lipids and the involvement of the receptor mediated activation of this enzyme in cellular functions are yet not fully understood. Membrane (Na++K+)-ATPase (EC 3.6.1.3) has been implicated in the active ion transport across the cell membrane and considered to be the biochemical basis for the sodium pumping function (28, 29 Thus, the present study was undertaken to determine the effects of PA and LPA on the membrane (Na++K+)-ATPase activity of rat synaptosomes in incubation media containing various concentrations of free Ca2+ using ethylene glycol bis (a-aminoethyl ether) N,N,N',N'-tetraacetate (EGTA), a divalent cation chelator with high affinity for Ca2+. Here we describe the potent inhibitory action of LPA on synaptic membrane (Na++K+) ATPase activity in incubation media con taining intracellular levels of free Ca2+. Our findings may provide some possible expla nation for the role of LPA or phospholipase A2 in the linkage of depolarization and/or the Ca2+-increasing mechanism mediating the release of neurotransmitters or other intra cellular substances in the brain.
Materials and Methods
Male Wistar rats weighing 150-250 g were killed by exanguination after a blow on the head. The cerebral cortex was rapidly removed and homogenized in 0.32 M sucrose containing 1.5 mM ethylendiaminetetra acetate (EDTA). The synaptosomal fraction was isolated on a sucrose gradient according to Barker et al. (36) . About 40 fig/ml (final) of synaptosomal membrane protein was used in each assay. All phospholipids were sus pended in distilled water using a flash mixer and ultrasonicator (Bransonic 22S, for 1 5 sec) immediately before use. LPA and LPI in chloroform were evaporated to dryness under reduced pressure before the suspension. Freshly prepared phospholipids were pre incubated 5 min at 37'C before the addition of substrate. Concentrations of natural phos pholipids used in the experiments were ex pressed as g/ml (final concentration), since their exact molecular weights have not been decided, and synthetic phospholipid con centrations were expressed in molar concen trations. Details about the media and con ditions for enzyme assay are essentially the same as reported previously (37). The medium used to estimate the total ATPase activity consisted of 115 mM Tris-HCI (pH 7.2), 2.0 MM MgC12, 6.25 mM KCI and 72.5 mM NaCI.
The medium for Mgt+-ATPase activity con sisted of 180.5 mM Tris-HCI (pH 7.2), 2.0 MM MgC12 and 1.0 mM ouabain. The (Na++ K+)-ATPase activity was calculated by sub tracting the Mgt+-ATPase activity from the total ATPase activity.
Under the present experimental conditions, the (Na++K+) ATPase activity was almost completely in hibited by addition of 1.0 mM ouabain; thus, the (Na++K+)-ATPase activity is ouabain sensitive. The concentration of free Ca2+ in the incubation media was buffered with EGTA and calculated (38) , assuming that KapP (apparent association constant) was 3.1 6x 106 M-1 at pH 7.2. The pH value of the incubation medium was always confirmed to be pH 7.2 before the start of preincubation. The reaction was terminated 6 min after the addition of disodium adenosine triphosphate (2.0 mM of metal-ion-free disodium ATP) by adding ice-cold 15% trichloroacetic acid solution to the reaction test tube held in an ice bath. The amounts of protein (39) and inorganic phosphate (40) in the supernatant were measured by previously established methods.
Calcium concentrations in the synaptosomal membrane and several phos pholipids tested were determined by atomic absorption spectrophotometry (Shimadzu atomic/emission spectrophotometer AA 646). Statistical analyses were performed using one-way ANOVA or the independent t test for comparisons. The results in the text and figures are expressed as the means± S.E.M.
The following phospholipids, lipids and chemicals were used: Disodium ATP (Sigma, prepared by phosphorylation of adenosine, grade I), L-a-PA (Sigma, from egg lecithin, grade I, >99%), L-a-LPA (Serdary Res. Lab., Inc., from egg lecithin, >99%), L-a-lyso phosphatidylethanolamine (LPE; Serdary Res. Lab., Inc., from pig liver, >99%), lysophos phatidylinositol (LPI; Serdary Res. Lab., Inc., from pig liver, >99%), palmitoyl-LPA (Serdary Res. Lab., Inc.), oleoyl-LPA (Serdary Res. Lab., Inc.), palmitoyl chloride (Sigma), oleoyl chloride (Sigma), Triton X 100 (Sigma), octaethylene glycol dodecyl ether (Nikkol Chem., Japan), saponin (Sigma, from white roots of Gypsophila) and ouabain (Sigma).
Results
PA, LPA and other lysophospholipids were tested for their ability to influence the (Na++ K+)-ATPase activity of cerebrocortical synap tic membranes in Ca2+-free (<10-8 M) medium containing 0.2 mM EGTA. As is evident from Fig. 1 (left) , 10-5 g/ml natural LPA markedly inhibited the (Na++ K+) ATPase activity in the presence of EGTA. Similar potent inhibitory action was observed with 2.2 x 10-5 M synthetic palmitoyl-LPA and 2.4X10-5 M synthetic oleoyl-LPA, whereas higher concentrations of palmitoyl chloride (10-5-3.0X10-4 M) and oleoyl chloride (10-5-2.0X10-4 M) caused no significant effect (data not shown). Natural PA, LPE and LPI of 10-5 g/ml had little or no effect on the (Na++K+)-ATPase activity. As shown in Fig. 1 (right) , natural PA, LPA, LPE and LPI at 10-5 g/ml scarcely affected the Mg2+-ATPase activity. However, these phospholipids at concentrations of more than 2.2X10-5 g/ml slightly enhanced the Mg2-ATPase activity (data not shown). The inhibitory effects of natural and synthetic LPAs on (Na++K+)-ATPase activity were dose-dependent; and the minimum effective concentrations of natural LPA, synthetic palmitoyl-LPA and oleoyl-LPA were 10-6 g/ ml, 2.2x10-6 M and 2.3x10-6 M, respec tively. With 10-5 g/ml of natural LPA, 46% inhibition of (Na++K+)-ATPase activity was observed, while higher concentrations (>2.2 X10-5 g/ml) of natural PA were required to inhibit the activity (Fig. 2) .
Since lysophospholipids are known to have detergent-like properties, the effects of several detergents were tested on the (Na++ K+)-ATPase activity. Triton X-100 (10-5 4.7 X 10-5 M), octaethylene glycol dodecyl ether (10-5-4.7 X10-4 g/ml) and saponin (2.2 X 10-5-2.2 0-5-2.2X10-4 g/ml) did not inhibit but slightly stimulated the (Na++I<+)-ATPase activity under the same experimental con ditions (data not shown). Fig. 1 . Effects of PA, LPA and other lysophospholipids on synaptosomal membrane (Na++K+) and Mgt+-ATPase activity from the cerebral cortices of rats in the presence of EGTA. EGTA, final concen tration 0.2 mM, was added before the start of preincubation.
Total (free and bound) calcium concen tration of the incubation medium (40 ,pg/ml H20 synaptosomal membrane protein) was 3.23±0.03x 10-7 M and that of all the phospholipids (10-5 g/ml) was less than 3X10-$ M. In the presence of 0.2 mM EGTA, the free Ca 2+ concentration in all the incubation media used was no more than 10-g M when calculated as described in the text. Each column represents the mean of 7 to 14 determinations with bars denoting S.E.M. PA: L-a-phosphatidic acid, LPA: L-a-lysophosphatidic acid, LPE: L-a-lysophos phatidylethanolamine, LPI: lysophosphatidylinositol. -Significance of difference from the control was analyzed by one-way ANOVA (P<0.01). As shown in Fig. 3 , when the free Ca 21 concentration was less than 4.7 X JO-6 M, LPA (4.7 X 10-6, 10-5 g/ml) significantly inhibited the (Na++K+)-ATPase activity, and the inhibition was more potent in free Ca 21 concentrations ranging from 10-7 to 4.7X 10-7
M. The inhibitory effect by either concen tration of LPA in 10-9 M free Ca 2+ was similar to that in 10-8 M free Ca 2+. Con versely, LPA (10-5 g/ml) slightly increased the enzyme activity when the free Ca 21 concentration was more than 4.7 X 10-5 M (data not shown).
Discussion
Our results showed that small amounts of natural and synthetic LPAs inhibited the synaptic membrane (Na++K+)-ATPase ac tivity from rat cerebral cortices in incubation media containing intracellular levels of free Ca 21 concentration.
Since activation of the (Na++K+)-ATPase activity by several phos pholipids has been demonstrated in a variety of tissues from several species (30-34), this inhibition seems interesting.
A similar in hibitory effect has been reported with lyso phosphatidylcholine (LPC) from dog and rabbit heart sarcolemma (41, 42) . It has been shown that several lysophospholipids have some detergent-like properties. However, non-ionic detergents (Triton X-100 and octaethylene glycol dodecylether) and saponin did not inhibit but rather stimulated the (Na++K+)-ATPase activity, when assayed under identical conditions as stated above. Similar stimulatory effects of detergents have previously been reported in human erythro cyte membranes (43) and in canine kidney membrane fractions (44) . The inhibitory ac tion of LPA may be due to some membrane perturbing effects of the lysomoiety of the molecule. However, the precise mechanism of the inhibitory action of LPA on synaptic membrane (Na++ K+) -ATPase is not clear at present.
While it has been suggested that acidic phospholipids such as PA, LPA and LPC may act as an ionophore and increase the intra cellular Ca 21 concentration (25-27, 45), the Ca2+-increasing or Ca2+-gating mechanism of these phospholipids has been the subject of controversy in several tissues (46) (47) (48) .
On the other hand, it is well accepted that depolarization due to the increased intra cellular Na+ resulting from inhibition of the (Na++K+)-ATPase activity leads to a decrease of Na+/Ca2+ exchange with a rise in intra cellular Ca2+ and that neuronal depolari zation sequentially activates an influx of Ca2+ into nerve cells (49, 50) . The (Na++K+) ATPase, therefore, may play a regulatory role in the release of neurotransmitters or other intracellular substances (51-53). LPA or LPC has been shown to cause depolarization or to potentiate the Ca2+ influx in several tissues (54) (55) (56) (57) . Recently, Mets (58, 59 ) reported that lysophospholipids might be true mediators of insulin release. Furthermore, LPA has been shown to be active at 5x10-7-2.2x10-5
M and PA at 10-4-10-3 M in causing depolarization or contraction of several tissues (9, 10, 17, 25, 48, 56, 60) .
Based on these findings, we suggest that in the brain tissues, LPA may participate in the depolarization or Ca2+ increasing mecha nisms mediating the release of intracellular substances through not only its ionophoretic action, but also its inhibitory action on the membrane (Na++K+)-ATPase activity. If so, LPA or phospholipase A2 could mediate an amplification mechanism to enhance further the cell activation elicited by inositol 1,4,5 trisphosphate or diacylglycerol following receptor stimulation. However, the sig nificance of our results still raises some questions, especially whether the inhibition by LPA is due to a specific action on the synaptic membrane. In this regard, further inves tigations are underway in our laboratory.
Whatever mechanisms are involved in the cell activation, the finding that small amounts of natural and synthetic LPAs inhibit the membrane (Na++K+)-ATPase activity may provide another possible explanation for the role of LPA and/or phospholipase A2 in the control of membrane potential or of intra cellular concentrations of calcium in the brain.
